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Introduction
The photosynthetic electron transport (PET) in hibitors are believed to act by displacing the sec ondary quinone from its binding niche in the pho tosynthetic reaction centre thus interrupting elec tron flow [1] [2] [3] . In the photosynthetic purple bacterium Rhodopseudomonas viridis, X-ray crystallographic analysis o f the reaction centre complexed with the triazine PET inhibitor terbutryn has allowed characterization of the binding site within the L protein [ It is recognized that the conformation o f both the ligand and the receptor may change on binding to adopt higher energy structures to match the steric requirements of the site. However, the con formational lability of the cyanoacrylate molecule means an X-ray determined structure of the com pound in a crystal lattice provides a useful starting point for modelling such interactions. We have used the crystal structure of the highly active com pound (Z)-ethoxyethyl-3-(4-chlorobenzylamino)-2-cyano-4-methylpentanoate 1 [32] 
Methods
The source of the parameters used to calculate nonbonded energies is the forcefield which is the empirical fit to the potential energy surface o f the molecules involved. It defines the coordinates used, the mathematical form of the equations in volving the coordinates and the parameters adjust ed in the empirical fit o f the potential energy sur face [ 
Enclosure analysis focuses on a smaller region of a molecular system in order to generate inter molecular energies between a ligand and individu al amino acid residues within its binding site. In doing so, Eqn. (1) is used to calculate the interac tion energy between the atoms of the ligand and the atoms of the residues which fall into a defined sphere of a given radius around that ligand. This allows the identification of the main residue-ligand nonbonded interactions which make up the inter molecular energy between the two molecules.
Enger et al. [37] have stated, when investigating the binding o f triazine herbicides to bacterial reac tion centres, that parameters within a molecular mechanics/dynamics program may have to be ad justed to achieve a correlation with biological and calculated data. Only when this correlation has been found can the impact of different substituents be compared and new compounds designed. Our study demonstrates that such adjustments are not required when examining cyanoacrylate binding to PS II, there being an apparent correlation between biological and calculated data using the standard forcefield parameters. It is important to point out that the assumptions of Eqn. The herbicide was orientated within the QB binding site employing the three dimensional ster eo viewing facility of the Insight II modelling pro gram until a minimum intermolecular energy was achieved. Energy minimization o f the combined structures involved constraining the backbone of the protein to relieve unfavourable interactions be tween the amino acid side chains and herbicide hy drogen atoms whilst maintaining the coordinates of the heavy atoms determined from the crystal structure [32] , This was performed using steepest descents and conjugate gradients algorithms suc cessively until the average first derivative was less than 0.005 kcal mol' 1 angstrom-1. The cancella tion of the nonbonded interactions between atoms after a specified cutoff distance was not carried out during minimization in order to achieve a more ac curate final structure. A dielectric constant o f one was employed throughout the study. A sphere of 8 angstrom radius around each functional group of the cyanoacrylate was used to calculate the non bonded interaction energy between the herbicide and individual amino acid residues o f the binding site.
The minimum energy structure obtained for the cyanoacrylate derivative 1 in the binding site was modified according to the functional group substi tutions in compounds 2 -8 . The heavy atoms of the structure were fixed whilst the new functional groups were orientated within the QB binding site until a minimum intermolecular energy was achieved. Energy minimization o f the combined structures was performed as before.
Results and Discussion
Crystal data for compound 1 [32] (Fig. 1) re veals an effectively planar central core involving a delocalized amino-cyano-enoate n electron system. A six-membered ring structure stabilized by the formation o f a hydrogen bond between the benzylamino-NH and the ester carbonyl oxygen is also evident. The /so-propyl ß-alkyl substituent has the two methyl groups orientated away from the benzylamino function. When modelling the interac tion of this structure with the protein, any devia tion from this low energy structure must be com pensated by a net improvement in intermolecular energy (an increase in negativity). We have found that a favourable interactive model of compound 1 with the protein can be achieved without deviating from the crystal structure with an intermolecular energy o f -2 3 .8 kcal m ol-1 (Fig. 2) . The cyano acrylate occupies the same binding niche as the secondary quinone and other PET inhibitors in the c u Fig. 1 . C onform ation of com pound 1 according to the coordinates o f the heavy atom s determined by X-ray crystallography. In addition, it appears that a branch at the a-carbon o f the ß-substituent is a particularly favourable structur al feature [30] , for example the ß-wo-propyl deriva tive is considerably more active than the «-propyl isomer. Whilst it is recognized that an a-methyl substituent is critical for high affinity binding, it has not been established if this is due to hydropho bic interaction with a highly constrained pocket which can accomodate a methyl group. There are significant repulsive interaction energies between the /so-propyl ß-substituent and the Ala 251 ( + 27.5 kcal mol"1) and Asn 267 (+7.5 kcal m ol"1) at the top of the binding niche which form part of the constrained pocket. We have examined the in termolecular energy profile by rotating this group within the pocket with respect to the enoate plain and found the lowest interaction with the group to be at an angle of -1 0 0° from the crystal structure Fig. 3 . The relative positioning of the ß-substituent with respect to the enoate plain. The first conformation of the /so-propyl group is according to the crystal structure. In the second conform ation, the zso-propyl is rotated -100° relative to the crystal structure and gives the opti mum interm olecular energy with the protein. Note that the a-methyl group is proximal to the benzyl group. The third conform ation shows a ß-ethyl substituent with the a-methyl again proximal to the benzyl group. The fourth conform ation his the ß-«-propyl group away from the benzyl group as a result of repulsion by the His 252 resi due in the ß-substituent binding pocket. (Fig. 3) . The repulsive energies with the Ala 251 and Asn 267 residues were reduced significantly to -1.7 and -1 .3 kcal mol" 1 respectively which re sulted in an overall intermolecular energy between the cyanoacrylate and the protein of -6 1 .0 kcal mol-1, a marked improvement on the crystal struc ture. This energy also reflects an improved binding affinity compared to DCM U [42] (-1 9 .7 kcal m ol-1) which experimental studies indicate [6 ] . The resultant repulsive energy between the wo-propyl group and the methylene hydrogens of the benzyl group of +11.3 kcal mol-1 is compensated by this corresponding favourable interaction of the com pound with the protein. We would argue that the role o f the a-methyl substituent in high affinity binding is more important for determining the configuration o f the aralkyl group within the bind ing domain to achieve maximum hydrophobic in teractions with the receptor rather than forming good hydrophobic interactions itself, although the two factors are inextricably linked. In order to bind tightly to the receptor, the constraints of the pocket which accomodate the ß-wo-propyl group necessitate its rotation by approximately 1 0 0° in order to overcome repulsive forces with the Ala 251 and Asn 267 residues which form part o f the pocket. As a result, there is a favourable binding interaction between the wo-propyl group and the protein of -11.8 kcal mol-1. In the rotated confor mation, the a-methyl group o f the ß-substituent sterically repulses the benzyl group, forcing it downwards into the hydrophobic pocket to max imize interactions. Similarly, a ß-ethyl substituent (Fig. 3, compound 2) has a binding interaction of  -8 .4 kcal m ol-1 with the protein when the methyl group is rotated proximal to the benzyl group by -100° as before. This again would result in the alignment o f the benzyl group in its hydrophobic pocket to achieve an intermolecular energy of -5 5 .9 kcal mol-1 between the herbicide and pro tein.
In contrast, a ß-rc-propyl substituent (com pound 3) is too large to be accomodated proximal to the benzyl group after rotation, being repulsed by the His 252 residue (+14.7 kcal mol-1) within the ß-group binding pocket. The «-propyl group must be rotated away from this residue (Fig. 4) in order to fit into the highly constrained pocket which means in the absence o f an a-methyl in the ß-substituent there is no repulsion of the benzyl group into its binding domain and is therefore less tightly bound (-3 7 .4 kcal mol-1).
It appears therefore that the area of the receptor which interacts with the ß-substituent is a highly constrained pocket. In order to achieve a tightly bound configuration, the constraints of this pock et force a rotation o f the ß-substituent to minimize repulsion with the Ala 251 and Asn 267 residues. In the presence o f an a-methyl group, the rotation ensures that the aralkyl group o f the inhibitor is contained within a hydrophobic pocket in the binding niche thus maximizing van der Waals in teractions.
Studies with aryl and aralkyl derivatives with varying chain length 4 -8 suggest that the pro posed interaction o f the hydrophobic group with an unconstrained lipophilic area in the thylakoid membrane is more complicated [30, 31] , with the hydrophobic interactions being modified by steric effects [29, 43] , The phenylamino derivative 4 is a weak inhibitor [31] , but inclusion o f a methylene group between the phenyl and amino function 5 produces a large increase in activity. Further lengthening of the carbon chain produces a step wise increase in potency as the chain length in creases. This has been explained in terms of crystal packing phenomena [44] whereby the greater bind ing affinity with the protein is a result of the phen yl group having optimum hydrophobic interac tions, the orientation being dictated by the chain length.
We have demonstrated that a similar trend ex ists between the intermolecular energy calculated for the inhibitor-binding site interaction and the number of carbon atoms between the phenyl and amino functions (Table I) . A weak binding interaction exists between com pound 4 and the protein (Table I) which reflects the low inhibitory activity. The ß-ethyl substituent is unable to occupy its optimum position within the binding pocket due to repulsion from the phen yl group which is directly adjacent to the amino function. It is forced into direct conflict with the Asn 267 residue resulting in a repulsion energy of + 7.3 kcal mol" 1 (Fig. 5) . The phenyl substituent is able to ring stack with the Phe 255 residue result ing in an attractive energy of -4 .6 kcal m ol" 1 (Ta ble II) but is unable to interact with other residues in the hydrophobic pocket as it is too far removed. Rotation of the phenyl group also minimizes re pulsion between the aromatic hydrogen atoms and the amino hydrogen, which is also rotated out of the enoate plain to the same effect. This results in the hydrogen bond between the carbonyl and ami no groups breaking due to the loss of planarity. A major repulsive interaction of +5.7 kcal m ol" 1 is evident between the phenyl group and the Ser 264 residue. The overall effect is to produce a less fa vourable binding interaction than those com pounds which have an alkyl chain separating the amino and phenyl functions. Table I shows Fig. 7) . tor depends more importantly on the phenyl sub stituent adopting a favourable orientation with re spect to residues in its vicinity. This is determined by two factors. In the shorter chain derivatives (n = 0 , 1 ), the ß-substituent is instrumental in deter mining the orientation of the phenyl group and thus binding affinity. 
